Abstract BACKGROUND: Since invasive bladder cancer (BC) is one of the most lethal urological malignant tumors worldwide, understanding the molecular mechanisms that trigger the migration, invasion, and metastasis of BC has great significance in reducing the mortality of this disease. Although RelA/p65, a member of the NF-kappa B transcription factor family, has been reported to be upregulated in human BCs, its regulation of BC motility and mechanisms have not been explored yet. METHODS: NF-κBp65 expression was evaluated in N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced high invasive BCs by immunohistochemistry staining and in human BC cell lines demonstrated by Western Blot. The effects of NF-κBp65 knockdown on BC cell migration and invasion, as well as its regulated RhoGDIα and FBW7, were also evaluated in T24T cells by using loss-and gain-function approaches. Moreover, the interaction of FBW7 with RhoGDIα was determined with immunoprecipitation assay, while critical role of ubiquitination of RhoGDIα by FBW7 was also demonstrated in the studies. RESULTS: p65 protein was remarkably upregulated in the BBN-induced high invasive BCs and in human BC cell lines. We also observed that p65 overexpression promoted BC cell migration by inhibiting RhoGDIα expression. The regulatory effect of p65 on RhoGDIα expression is mediated by its upregulation of FBW7, which specifically interacted with RhoGDIα and promoted RhoGDIα ubiquitination and degradation. Mechanistic studies revealed that p65 stabilizing the E3 ligase FBW7 protein was mediated by its attenuating pten mRNA transcription. CONCLUSIONS: We demonstrate that p65 overexpression inhibits pten mRNA transcription, which stabilizes the protein expression of ubiquitin E3 ligase FBW7, in turn increasing the ubiquitination and degradation of RhoGDIα protein and finally promoting human BC migration. The novel identification of p65/PTEN/FBW7/RhoGDIα axis provides a significant insight into understanding the nature of BC migration, further offering a new theoretical support for cancer therapy.
Cancer Genome Atlas database shows that the loss of NF-κB expression is associated with bladder cancer (BC) development [8] . Increased nuclear expression of p65/RelA, seen in BC patients, can negatively affect survival of patients with the muscular invasive disease [7] . This suggests that p65 may have an oncogenic role in progression and metastasis of human BC. In current studies, we found that p65 protein expression was remarkably increased in N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced high invasive BC tissues and human high-grade invasive BC cell lines.
The RHO guanosine diphosphate dissociation inhibitor (RhoGDI) is a cellular regulatory protein that acts primarily by controlling the cellular distribution and activity of RhoGTPases [9, 10] . The alternated expression of RhoGDIs has been reported in a variety of cancers, which could mediate several processes during tumorigenesis and cancer progression [11] [12] [13] . RhoGDIα is known to function as a GDI for Rac and often controls all aspects of cellular motility, migration, and invasion, along with cellular polarity [14] . Our most recent studies demonstrate that RhoGDIα SUMOylation at lys-138 is crucial for its inhibition of colon cancer cell migration and invasion [15] . In the current study, we showed that RhoGDIα is p65 downstream mediator responsible for its promotion of BC migration.
F-box and WD repeat domain-containing 7 (FBW7) is a member of the F-box protein family, which constitutes one subunit of the Skp1, Cul1, and F-box protein (SCF) ubiquitin ligase complex [16] . The role of FBW7 is to target the degradation of critical cellular regulators, thereby controlling essential cellular processes including cell cycle, DNA damage response, cell differentiation, apoptosis, and tumorigenesis [17, 18] . Deletion and mutation of FBW7 have been frequently noticed in various human malignancies, such as gastric cancer [19] , colon cancer [20] , breast carcinoma [21] , esophageal squamous cell carcinoma [22] , and pancreatic cancer [23] . Since reduced FBW7 expression levels and loss-of-function mutations are found in a wide range of human cancers, FBW7 is generally considered as a tumor suppressor [24] . However, the function and regulation of FBW7 are poorly studied in the occurrence and progression of BC. Herein, we demonstrated that FBW7 directly interacts with RhoGDIα, which leads to the ubiquitination and protein degradation of RhoGDIα, thus facilitating the migration abilities of BC cells. These findings may lead to the change of the concept of nature of FBW7 in BCs.
In the current study, we identified a novel molecular mechanism responsible for the oncogenic role of p65, which promoted BC cell migration via FBW7 E3 ligase-dependent ubiquitin degradation of RhoGDIα protein. Subsequently, we also demonstrated that p65 overexpression decreased pten mRNA transcription, thereby stabilizing FBW7 protein. Taken together, our studies provided an important insight into understanding the nature of BC migration and revealed a significant potential for the development of p65-based specific therapeutic strategy for the treatment of human BC patients.
Methods
Reagents, Plasmids, and Antibodies BBN was purchased from TCI AMERICAN (Cambridge, MA). Proteasome inhibitor MG132 and protein synthesis inhibitor cycloheximide (CHX) were purchased from Calbiochem (Billerica, MA). The dual luciferase assay kit was brought from Promega (Madison, WI). TRIzol reagent and the SuperScript First-Strand Synthesis system were acquired from Invitrogen (Grand Island, NY).
PolyJet DNA In Vitro Transfection Reagent was purchased from SignaGen Laboratories (Rockville, MD). The constructs of short hairpin RNA specifically targeting p65 (shp65), RhoGDIα (shRhoG-DIα), and their nonsense controls were purchased from Open Biosystems (Thermo Fisher Scientific, Pittsburgh, PA). Lentivirus and retrovirus plasmids specifically targeting mouse FBW7 (shFBW7) were kindly provided by Dr. Iannis Aifantis (New York University School of Medicine, New York, NY) [25] . The pEGFP-C3/RhoGDIα vector expressing green fluorescent protein (GFP)-tagged RhoGDIα was kindly provided by Dr. Mark R. Philips (New York University School of Medicine, New York, NY) and used in our published studies [26] . Plasmids encoding enhanced GFP-PTEN or His-FBW7, and PTEN promoter-driven luciferase reporter were described in our previous studies [4, 27, 28] . The antibodies specific against p65, Rac1, RhoA, RhoGDIα, GFP, PTEN, SKP1, SKP2, AKT, p-AKT(Thr308), p-AKT(Ser473), His, HA, and GAPDH were purchased from Cell Signaling Technology (Danvers, MA). The antibody for FBW7 was purchased from Aviva Systems Biology Corporation (San Diego, CA). Antibodies against β-Actin were bought from Sigma (St. Louis, MO).
Cell Lines, Cell Culture, and Transfection
The p65−/− murine embryonic fibroblasts (MEFs) and their corresponding wild-type (WT) MEFs were cultured as described in our previous studies [29] . The stable cell lines of p65−/−(p65) were established and described in our previous publications [4] . Human normal bladder epithelial cell line UROtsa was a gift from Dr. Scott Garrett (Department of Pathology School of Medicine and Health Sciences, University of North Dakota, Grand Forks, ND) and used in our published studies [30] . These cells were maintained at 37°C in a 5% CO 2 incubator with RPMI medium 1640 supplemented with 10% FBS, 2 μM L-glutamine, and 25 μg/ml gentamycin. UMUC3 cells were used in our previous studies [31, 32] . The monolayer growth of human BC T24 cells andT24T cells was kindly provided by Dr. Dan Theodorescu (University of Colorado Comprehensive Cancer Center, Denver, CO) [33] and were used in our previous studies [34] . These cells were maintained in DMEM-F12 (1:1) (Invitrogen, Carlsbad, CA) supplemented with 5% heat-inactivated FBS, 2 μM L-glutamine, and 25 μg/ml gentamycin. All cell lines were authenticated on the basis of viability, recovery, growth, morphology, and chemical response, as well as by testing STR loci and gender using the PowerPlex 16 HS System provided by Genetica DNA Laboratories (Burlington, NC).
Cell transfections were performed with PolyJet DNA In Vitro Transfection Reagent (SignaGen Laboratories, Rockville, MD) according to the manufacturer's instructions. For stable transfection, cell cultures were subjected to hygromycin B (200-400 μg/ml), G418 (500-1000 μg/ml), or puromycin (0.2-0.3 μg/ml), and cells surviving from the antibiotics selection were pooled as stable mass transfectants as described in our previous studies [35, 36] .
Western Blot Analysis
Whole cell extracts were prepared with the cell lysis buffer (10 mM Tris-HCl, pH 7.4, 1% sodium dodecyl sulfate, and 1 mM Na 3 VO 4 ) as described in our previous studies [34, 36] . Thirty micrograms of proteins was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to a membrane, probed with the indicated primary antibodies, and incubated with the AP-conjugated secondary antibody. Signals were detected by the enhanced chemifluorescence Neoplasia Vol. 19, No. 9, 2017 p65 Promotion of Bladder Cancer Migration via PTEN/FBW7/RhoGDIα Axis Zhu et al.
Western blotting system. The images were acquired by scanning with the phosphor imager (Typhoon FLA 7000 imager; Pittsburgh, PA) as described in a previous report [37, 38] .
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted by using the TRIzol reagent (Invitrogen, Grand Island, NY) as described in the manufacturer's instructions. Total RNA (5 mg) was used for first-strand cDNA synthesis with oligo (dT) 20 primer by SuperScript III First-Strand Synthesis system (Invitrogen). Specific primers (Invitrogen, Grand Island, NY) were used for PCR amplification. The primers used in this study were as followw: human RhoGDIα (forward: 5′-GAG CCT GCG AAA GTA CAA GG-3′ reverse: 5′-TCC TTC CAG CAC AAA CGA CTG-3′); human and mouse FBW7 (forward: 5′-ACT GAG CTG CAT TTG CCT TT-3′ reverse: 5′-CCT CAG AAC CAT GGT CCA AC-3′), PTEN (forward: 5′-ACA CCG CCA AAT TTA ACT GC -3′ reverse: 5′-TAC ACC AGT CCG TCC CTT TC-3′), mouse β-actin (forward: 5′-ATA TCG CTG CGC TGG TCG-3′ reverse: 5′-AGG ATG GCG TGA GGG AGA-3′), and human β-actin (forward: 5′-CCT GTG GCA TCC ATG AAA CT -3′ reverse: 5′-GTG CTA GGA GCC AGA GCA GT-3′).
Luciferase Reporter Assay
For the determination of PTEN promoter transcription activity, p65+/+, p65−/−, and p65−/−(p65) cells were transiently co-transfected with the PTEN promoter-driven luciferase reporter together with pRL-TK. Twenty-four hours after transfection, luciferase activity was determined using the luciferase Assay System kit (Promega, Madison, WI). The results were normalized by internal TK signal. All experiments were done in triplicates and the results expressed as mean ± S.D. (standard error).
Cell Migration and Invasion Assay
The migration chambers (353097) and invasion chambers (354480) were purchased from Corning Incorporated (Corning, NY). The migration and invasion chambers were placed into wells containing 500 μl of the indicated cell culture medium. Cells suspended in 400 μl of 0.1% FBS medium were seeded onto the chambers in triplicate according to the manufacturer's instruction. After incubation for 24 hours, the cells on both the inside and outside of the chamber were fixed with 3.7% formalin for 2 minutes, washed with PBS twice, then transferred to 100% methanol for 20 minutes, and washed with PBS twice again, and then finally the cells were stained by Giemsa (1:20 diluted with PBS) at room temperature for 15 minutes in the dark. They were washed again with ddH2O twice; then the noninvaded or nonmigrated cells were scraped off with a cotton swab (PBS wetted) four times. The images were taken under a microscope, Olympus DP71 (Olympus America Inc., Center Valley, PA), and the number of the cells in each image was counted by the software "Image J." The migration rate was normalized with the vector control cells based on the counted migrated cell number, while the invasion rate was calculated by divided with the migrated cell number and then normalized with the vector control cells according to the manufacturer's instruction. The data shown are representative of three independent experiments.
Immunoprecipitation
Cells were lysed in cell lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.2 mM Na3VO4, 0.5% NP-40, and complete protein cocktail inhibitors from Roche) on ice. Lysate (0.5 mg) was precleared by incubation with Protein A/G plus-agarose (Santa Cruz Biotechnology, Inc., Dallas, TX) and then incubated with specific antibody at 4°C for −12 hours. Protein A/G plus-agarose (40 μl) was added to the mixture and incubated with agitation for an additional 4 hours at 4°C. The immunoprecipitates were washed three times with cell lysis buffer and then subjected to Western blot.
BBN-Induced High Invasive BC in Mice
All procedures involving animals were conducted in compliance with guidelines for ethical animal research and approved by the New York University School of Medicine Institutional Animal Care and Use Committee (IACUC); the IACUC approval protocol number is 130212-03. The C57BL/6J mice at age of 3 to 4 weeks were randomly divided into 2 groups, including vehicle negative control group and BBN-treated group. In the BBN-treated group, each mouse was supplied ad libitum with tap water containing 0.05% BBN (TCI America, Portland, OR) in opaque bottles for 23 weeks and thereafter with tap water without BBN. The drinking water was prepared freshly twice a week, and consumption was recorded to estimate BBN intake. Negative control mice received regular tap water. The mice from the BBN-treated group and vehicle negative control group were then sacrificed at week 24 upon BBN exposure. The bladder tissues were removed for pathological analysis and evaluation of the expression of p65 with immunohistochemistry (IHC) staining.
Immunohistochemistry Paraffin (IHC-P)
The antibodies specific against p65 (Cell Signaling Technology, Danvers, MA) were used for IHC staining as described in our previous publications [39] . The resulting immunostaining images were captured using the AxioVision Rel.4.6 with computerized image analysis system (Carl Zeiss, Oberkochen, Germany). Protein expression levels were analyzed by calculating the integrated optical density per stained area (IOD/area) using Image-Pro Plus version 6.0 (Media Cybernetics, MD).
Statistical Analysis
The Student's t test was utilized to determine significant differences. The differences were considered to be significant at a P ≤ .05.
Results

p65 Was Overexpressed in BBN-Induced Mouse High Invasive BCs and Human BC Cell Lines, with Promotion of BC Migration
Expression of p65 had been reported previously in human BC tissues [7, 40, 41] . To elucidate the mechanism and role of this overexpression in BC development, we examined p65 abundance in both mouse bladder carcinogenic model and human BC cell lines. The results from the IHC staining revealed that p65 was remarkably overexpressed in vivo in mouse invasive BCs due to BBN exposure (n = 10) ( Figure 1, A and B) . Consistently, p65 expression in high-grade invasive BC cell lines UMUC3, T24, and T24T was also higher than that in immortalized normal epithelial UROtsa cells ( Figure 1C ). To determine whether p65 overexpression is critical for human cell migration, p65+/+, p65−/−, and p65−/−(p65) immortalized MEF cells were employed. As shown in Figure 1 , D-F, p65−/− The bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value; the asterisk (*) indicates a significant decrease in comparison to scramble vector transfectants (*P b .05). (J) The invasion rate was normalized with the insert control according to the manufacturer's instruction. The bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, P N .05.
cell migration was attenuated compared to either p65+/+ cells or p65−/− (p65) cells. To test this observation in human BC cells, shp65 was stably transfected into T24T cells, and the stable transfectants were identified as shown in Figure 1G . Consistent with the result observed in MEF cell, the knockdown of p65 led to a significant inhibition of the migration with slight inhibition of invasion of T24T cells (Figure 1, H-J) . These results strongly reveal that p65 overexpression plays a crucial role in the promotion of BC cell migration.
RhoGDIα Was a p65 Downstream Effector Mediating p65 Promotion of BC Cell Migration
The RhoGDIα is a member of RhoGDI family and plays an essential role in modulation of small GTPase activity via regulating GDP/GTP exchange [42] , thereby negatively regulating actin polymerization and cell migration [13, 43] . To elucidate the mechanism underlying the p65 regulation of BC cell migration, the expression levels of RhoGDIαand its regulated small GTPase Rac and RhoA were determined in p65 knockdown transfectants in comparison to their scramble nonsense transfectants. As shown in Figure 2A , impaired expression of p65 by either shRNA or gene deletion resulted in a dramatic increase in RhoGDIα protein in both MEF and T24T cells, while there was no consistent impact on Rac expression and a slight effect on RhoA level in both cells under the same experimental conditions (Figure 2, A and B) . Consistently, restoration of p65 expression in p65-deficient cells impaired RhoGDIα protein abundance in p65−/− MEF cells ( Figure  2B) . Thus, we then stably transfected the shRNA targeting RhoGDIα into the T24T(shp65-1) transfectant ( Figure 2C ), and the effects of RhoGDIα in T24T cell migration and invasion were assessed. As shown in Figure 2 , D-F, knockdown of RhoGDIα reversed the deficiency of migration with marginal effect on cell invasion in T24T(shp65-1) cells. Our results strongly demonstrate that RhoGDIα is a p65 downstream effector responsible for p65 specific promotion of cancer cell migration in BC cells.
p65 Regulated RhoGDIα Protein Degradation
To understand the mechanisms underlying p65 downregulation of RhoGDIα expression, we first examined the potential regulation at mRNA levels. The results showed that there was no observable difference at RhoGDIα mRNA levels betweenT24T(shp65-1) cells and their scramble nonsense transfectants ( Figure 3A) . The results obtained from MEFs with either p65 deletion and its expression restoration also consistently showed that the p65 regulation of RhoGDIα expression did not occur at mRNA level ( Figure 3B ), excluding the possibility of p65 regulating RhoGDIα gene transcription or mRNA stability. Thus, we next assessed the potential effect of p65 knockdown on RhoGDIα protein degradation. As shown in Figure 3C , pretreatment of cells with proteasome inhibitor MG132 led to accumulation of RhoGDIα protein in both p65+/+ and p65−/− cells. The MG132 was then removed, and the protein synthesis inhibitor CHX was added for the indicated times. The effect of p65 on the dynamics of RhoGDIα protein degradation was determined. The deficiency of p65 profoundly slowed down RhoGDIα protein degradation rate in comparison to that observed in p65+/+ cells, indicating that p65 promotes RhoGDIα protein degradation.
Upregulated FBW7 Mediated p65 Promoting RhoGDIα Protein Degradation
E3 ligase-mediated protein ubiquitination and degradation are the mechanisms responsible for most of protein degradation through a proteasome-dependent manner [44] . FBW7 is a well-characterized E3 ubiquitin ligase and a key substrate recognition component for the The migration and invasion abilities of T24T(shp65/shRhoGDIα) and their nonsense control T24T(shp65/nonsense) were determined as described in "Materials and Methods" section. Bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, and the symbol (♣) indicates a significant increase as compared with nonsense control cells (P b .05) (E). (F) The invasion rate was normalized with the insert control according to the manufacturer's instruction. The bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, P N .05.
SCF ubiquitin ligase complex [45] , therefore being responsible for the regulation of the ubiquitination of several proteins [17] and targeting many oncoproteins for their degradation [46] [47] [48] . Deletion and mutation of FBW7 have been frequently identified in many cancers, including gastric cancer, colon cancer, hepatocellular carcinoma, and breast carcinoma [17, 49] . However, the exact role of FBW7 in BC cell migration has never been explored. To investigate the mechanisms underlying the p65 promotion of RhoGDIα protein degradation, we firstly examined several E3 ligase expressions, including FBW7, Skp1, and Skp2. Surprisingly, the abundance of FBW7 protein was remarkably impaired in T24T due to knockdown of p65 ( Figure 4A ). Consistently, FBW7 expression was much lower in p65−/− cells than that in p65+/+ cells ( Figure 4B ). In contrast, Skp1 and Skp2 expression was comparable between either T24T(shp65) and T24T(Nonsense) or p65+/+ and p65−/− cells ( Figure 4, A and B) . To provide the definitive evidence regarding role of FBW7 in p65 mediating RhoGDIα protein degradation, we stably transfected the FBW7 overexpressed plasmid into T24T(shp65-1) cells. As shown in Figure 4 , C and D, the overexpression of FBW7 alone dramatically attenuated RhoGDIα expression and promoted RhoGDIα protein degradation as compared with its scramble vector transfectants under the same experimental conditions. These results depicted a critical role and mechanism of FBW7 promotion of RhoGDIα protein degradation. Intriguingly, we also performed the cell migration assay in T24T(shp65/vector) cells and T24T(shp65/ FBW7) cells and found that cell migratory activity was increased in T24T(shp65/FBW7) cells without showing significant effect on cell invasion (Figure 4 , E-G). Consistently, knockdown of FBW7 also increased RhoGDIα expression and decreased the migration activity compared to their scramble vector transfectants (Figure 4, H and I) . Our results validate the conclusion that FBW7 plays an essential role in p65 mediating degradation of RhoGDIα protein and thereby promoting cell migration activity.
To determine whether FBW7 acted as the E3 ligase mediating RhoGDIα protein degradation, we co-transfected GFP-RhoGDIα construct with His-FBW7 into 293T cells and performed the immunoprecipitation assay to verify the interaction of FBW7 with RhoGDIα protein. As shown in Figure 4J , His-taged FBW7 was specifically presented in the immune complex pulled down of GFP-RhoGDIα by using the anti-GFP antibody in transfectants harboring His-FBW7, revealing that FBW7 interacts with RhoGDIα protein. Moreover, conjugation of ubiquitin to RhoGDIα was detected in the presence of exogenous WT ubiquitin in the immune complex pulled down of GFP-RhoGDIα by anti-GFP antibody, whereas expressing mutant of ubiquitin (K48R) impaired RhoGDIα ubiquitination ( Figure 4K ), suggesting that the FBW7 E3 ligase was required for p65-mediated RhoGDIα ubiquitination and protein degradation, as well as cell migration.
p65 Was Required for FBW7 Protein Stabilization
To elucidate the mechanisms underlying p65 upregulation of FBW7 E3 ligase, we examined FBW7 mRNA levels by RT-PCR in either p65 knockdown or knockout cells in comparison to their scramble cells. The results showed that FBW7 mRNA level was comparable in T24T(nonsense) vs. T24T(shp65) cells or p65+/+ vs. p65−/− ( Figure 5, A and B) , while restoration of p65 expression in p65−/−cells did not show any observable effect on FBW7 mRNA abundance ( Figure 5B ). We next tested whether p65 was able to inhibit FBW7 protein degradation. As shown in Figure 5C , the FBW7 protein degradation rate was markedly increased in p65−/− cells in comparison to that in p65+/+ cells, strongly suggesting that p65 mediates FBW7 protein stabilization.
PTEN Was a p65 Downstream Mediator Responsible for Stabilization of FBW7 Protein
PTEN can interact with both amplified in breast 1 (AIB1) and FBW7α by enhancing the FBW7 ubiquitin-mediated degradation of AIB1 [50] , while loss of PTEN results in the stabilization of Aurora-A by cooperating with and attenuating FBW7-dependent degradation of Aurora-A through the Akt/GSK3β pathway [51] . PTEN expression can be suppressed by tumor necrosis factor-α through the activation of the NF-κB [52] . Therefore, it can be speculated that PTEN is critical for p65 upregulation of FBW7 expression. Our results showed that p65 deficiency led to a remarkable increase in PTEN expression, while a PTEN downstream substrate, Akt phosphorylation at Thr308/Ser473, was dramatically downregulated The indicated cell extracts were subjected to Western blot to determine protein expression of p65, Skp1, Skp2, and FBW7. GAPDH was used as a loading control. (C) The FBW7 overexpression constructs were stably transfected into T24T(shp65-1) cells. The cell extracts were subjected to Western blot to determine the expression of FBW7 and RhoGDIα. GAPDH was used as a protein loading control. (D) The indicated cells were pretreated with proteasome inhibitor MG132 for 10 hours and were then followed by treatment of cells with CHX for the indicated times. Then, cell extracts were subjected to Western blotting, and GAPDH was used as a protein loading control. (E-G) The migration and invasion abilities of T24T(shp65/FBW7) and their vector control T24T(shp65/vector) cells were determined as described in "Materials and Methods" section. Bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, and the symbol (♣) indicates a significant increase as compared with scramble control vector transfectants (P b .05) (E). (F) The invasion rate was normalized with the insert control according to the manufacturer's instruction. The bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, P N .05. (H) FBW7 knockdown constructs were stably transfected into MEF(WT) cells. The FBW7 knockdown efficiency was evaluated, and the expression of RhoGDIα was determined by Western blotting. GAPDH was used as a protein loading control. (I) The migration abilities of MEF(shFBW7) and their nonsense control transfectants were determined by using the BD BioCoat Matrigel Migration Chamber without the Matrigel. Bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, and the asterisk (*) indicates a significant decrease as compared with nonsense control cells (*P b .05). (J) 293T cells were transfected with GFP-RhoGDIα together with pcDNA3.1 or His-FBW7 constructs. Co-immunoprecipitation was performed with anti-GFP antibody-conjugated agarose beads. Immunoprecipitates were then subjected to immunoblotting for the detection of FBW7 using His-antibody. (K) 293T cells were transfected with constructs of GFP-RhoGDIα in combination with His-FBW7 and ubiquitin-WT, or ubiquitin-K48R as indicated. Forty-eight hours after transfection, cells were lysed and co-immunoprecipitated with anti-GFP antibody-conjugated agarose beads and then immunoblotted with anti-HA, anti-GFP, and anti-His antibodies for detection of RhoGDIα ubiquitination.
in p65−/− cells, which could be completely reversed upon introduction of p65 into p65−/− cells ( Figure 6A ). Consistently, similar inhibitory effect of p65 on PTEN protein expression was also observed in T24T(shp65) vs. T24T(nonsense) cells ( Figure 6B ). The results obtained from RT-PCR and PTEN promoter-driven luciferase reporter assays also showed a consistent effect of p65 on PTEN mRNA abundance and promoter-driven reporter transcription activity ( Figure 6, C and D) , revealing that p65 is a negative regulator for PTEN transcription. Although the reciprocal relationship of FBW7 with PTEN has been reported [24] , the mechanism underlying PTEN regulation of FBW7 remains unexplored. To determine the role of PTEN in regulation of FBW7 and its regulated RhoGDIα expression, we compared the expression of FBW7 and RhoGDIα between PTEN+/+ and PTEN−/− cells. As shown in Figure 6E , knockout of PTEN remarkably increased FBW7 level and impaired RhoGDIα protein expression without affecting FBW7 mRNA abundance, suggesting that PTEN inhibits FBW7 protein abundance without affecting mRNA level. Therefore, we next tested whether PTEN was able to promote FBW7 protein degradation. As shown in Figure 6F , the knockout of PTEN resulted in the slowdown of FBW7 protein degradation, suggesting that PTEN expression increases in FBW7 protein degradation. This notion was strongly supported by the results showing that ectopic overexpression of GFP-PTEN led to the reduction of FBW7 abundance accompanied with RhoGDIα upregulation in both T24T and p65+/+ cells ( Figure 6 , G and H). Consistently, overexpression of GFP-PTEN inhibited cell migration in T24T cells. Our results demonstrate that p65 overexpression leads to downregulating PTEN transcription, which further inhibits FBW7 degradation, consequently promoting FBW7 mediated RhoGDIα protein degradation and thereby releasing RhoGDIα inhibition of small GTPase activity and promoting BC cell migration as illustrated in Figure 6K .
Discussion
Bladder cancer is the 3rd most common cancer in men and the 11th most common cancer in women [53] . The depth of invasion of the bladder wall is closely associated with clinical treatment of BCs [54] . Since high-grade muscle invasive BC can progress to life-threatening metastases and the 5-year overall survival rate in patients with distant metastasis is 6%, elucidation of mechanisms for the regulation of motility of human BC is of importance for reducing the mortality of this disease [55] [56] [57] . Cellular migration is a key property of live cells, including normal and malignant cells, and is critical for many cellular functions, such as proper immune response and tissue homeostasis [58] , whereas cell invasion is common in only malignant cancer cells and can be defined as the ability of cells to migrate through the extracellular matrices and to penetrate into tissues or infiltrate into neighboring new tissues [59] . Invasive abilities of cancer cells are related to cell migration and many other factors, including MMP-2, MMP-9, Rac1, RhoA, and SOD2 [30] . Learning more about the cellular and molecular basis of these different migration/invasion programs of BC will help us to develop new treatment strategies. A recent IHC analysis of human bladder paraffin-embedded tissue from 116 patients showed that the majority (113 of 116) of patients display concurrent cytoplasmic and nuclear expression of p65/RelA [41] . Our current studies also found that p65 protein overexpression was observed in 100% of BBN-induced high invasive BCs and in three human BC cell lines compared to normal UROtsa cells. Our studies also indicated that p65 overexpression is tightly associated with BC cell migration ability, which led us to explore the mechanism of p65-mediated BC migration, and the results revealed that overexpressed p65 downregulated PTEN transcription/expression, which further resulted in inhibition of FBW7 degradation, in turn promoting FBW7-mediated RhoGDIα degradation and increasing BC migration. Our studies reveal an important aspect of the oncogenic p65 overexpression in BC motility and may further contribute to designing new therapeutic strategies to BC treatment.
Rho family GTPases control a wide range of cellular processes, including cell adhesion, migration, and proliferation [60] . Rho GDP dissociation inhibitor α (RhoGDI) is a key downregulator of the biological activities of small Rho family GTPases [61] , which are directly linked to its primary function in the regulation of actin cytoskeleton reorganization and migration [42] . RhoGDIα is also crucial for cancer cell migration and invasion [13, 62] . Herein, we observed that RhoGDIα protein expression was upregulated in p65-deficient cells, and knockdown of RhoGDIα promoted the cell migration in p65 overexpressed BC T24T cells, suggesting that RhoGDIα downregulation by p65 plays a critical role in p65-mediated BC migration. Previous studies have shown that regulation of RhoGDIα is mainly restricted at the posttranslational (I-J) The migration abilities of T24T(GFP-PTEN) and the vector control cells were determined as described in "Materials and Methods" section. Bars represent mean ± SD from three independent experiments. Student's t test was utilized to determine the P value, and the asterisk (*) indicates a significant decrease as compared with vector control cells (*P b .05) (J). (K) The proposed mechanisms underlying p65 overexpression in the promotion of human BC cell migration: p65 overexpression inhibits pten mRNA transcription, which further stabilizes the protein expression of ubiquitin E3 ligase FBW7, in turn increasing the degradation of RhoGDIα protein, finally promoting BC migration.
level by phosphorylation [63] and is also regulated at the posttranscriptional level by miRNA [64] . In the current study, we uncovered that the FBW7 E3 ligase was able to directly use RhoGDIα as its substrate and ubiquitinized and degraded via proteasome-dependent fashion.
FBW7 is the substrate-recognition component of a specific ubiquitin ligase complex [17] . The tumor suppressor function of FBW7 has been previously reported in several types of cancers by targeting multiple well-known onco-proteins for degradation [46] [47] [48] . It has been reported that FBW7 is significantly mutated (N10% of samples) in at least five tumor types including bladder carcinomas [65] , but nothing is known about the biological significance of those mutations in BCs. A recent study reports that FBW7 targets myeloid cell leukemia-1 for its degradation and is responsible for pretubulysin (a potent microtubule-binding agent produced by mycobacteria) induction of metastasis cell death in human BC T24 cells and MDA-MB-231 breast cancer cells [66] . However, the function and regulation of FBW7 are still poorly studied in human BCs. KLF5, one of the FBW7 substrates for ubiquitination and degradation, has been reported to promote cell proliferation and tumorigenesis of BC [67] , while KLF5 also acts as a tumor suppressor in breast cancers [68] , acute myeloid leukemia [69] , and prostate cancer [69] , suggesting that FBW7's function depends on certain cellular contexts of its substrates in the intact cells. Our current study showed that p65 overexpression was essential for FBW7 protein expression via inhibition of PTEN transcription. By overexpressing FBW7 in p65 knockdown T24T cells, we observed a remarkable downregulation of RhoGDIα and rescued cell migration as compared with the T24T(shp65/vector) cells, suggesting that RhoGDIα acts as a potential new substrate of FBW7, facilitating the p65-dependent migration abilities of BC cells and revealing the potential promotive effect of FBW7 in promotion of BC migration. Thus, more investigations are needed to delineate the exact role of FBW7 in BC progression and invasion.
FBW7 is regulated by multiple protein factors, such as p53, Pin1, Hes-5 Numb4, and microRNAs [70] . A recent study has also shown that PTEN interacted with FBW7α via its C2 domain, thereby acting as a bridge between AIB1 and FBW7α, and enhancing degradation of AIB1, which eventually accounts for its decreased transcriptional activity [50] . In this study, we showed that PTEN deletion increased in FBW7 protein stability, suggesting that PTEN promotes FBW7 protein degradation. This notion was greatly supported by the findings that ectopic expression of GFP-PTEN attenuated FBW7 abundance and T24T cell migration. Our results demonstrate a novel regulatory axis responsible for modulation of FBW7 protein degradation. Although PTEN inhibition of cancer cell migration has been reported in previous study [71] , the mechanism underlying PTEN inhibition of cancer cell migration is never explored. We uncovered here that downregulation of PTEN by overexpressed p65 or loss of function of PTEN by mutation in cancer cells could result in elevation of FBW7, which in turn promotes its substrate RhoGDIα protein degradation and BC cell migration. These findings have deepened our understanding the nature of PTEN and FBW7 in regulation of BC migration.
Conclusions
In summary, our results have shown that p65 is significantly upregulated in BBN-induced high invasive BCs and human BC cell lines. Our studies have also uncovered a new PTEN/FBW7/ RhoGDIα axis, which is responsible for the oncogenic role of RelA p65 in promotion of human BC cell migration. The overexpression of p65 inhibits PTEN mRNA transcription, thereby leading to promotion of FBW7 protein degradation. More importantly, we have identified a physical interaction between FBW7 and RhoGDIα, which is critical for RhoGDIα ubiquitination and degradation, revealing that RhoGDIα is an FBW7 new substrate and mediates its protein degradation. Thus, the novel overexpressed p65-initiated PTEN/FBW7/RhoGDIα migration regulatory axis provides new insights into the mechanisms of the underlying nature of p65 in regulation of BC cell motility.
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